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The structural and electronic properties of Nb2AlC have been studied using the ab initio pseudopotential
approach based on density functional theory. The internal coordinates of Nb atom is determined to be (1/
3, 2/3, 0.089). The equilibrium lattice parameters are computed to be a ¼ 3.119 Å and c ¼ 13.92 Å, in good
agreement with experimental results. The band structure and density of states reveal that Nb2AlC is an
electronic conductor. Both Nb 4d and Al 3p contribute to the electronic properties. Partial density of state
indicates that a strong hybridization of Nb 4d and C 2p states. The charge density distribution shows that
the Nb and C atoms form a strong NbeCeNb covalently bonded chain.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nb2AlC is a ternary compound of the well-known MAX phases,
which has been successfully fabricated by hot isostatically pressing
[1], hot pressing [2] and magnetron sputtering [3], respectively.
Nb2AlC has the space group P63/mmc with lattice parameters of
a ¼ 3.10 Å and c ¼ 13.8 Å and its crystal structure is shown in Fig. 1.
The bulk properties of Nb2AlC have been well studied. Similar to
metals, Nb2AlC has good thermal conductivity of 22Wm1 K1 and
electrical conductivity of 3.45 106 S m1 at room temperature [4].
Nb2AlC has a low Vickers hardness of ~4.5 GPa, which renders it a
soft and machinable ceramics compared with traditional hard ce-
ramics such as TiC, Al2O3 and Si3N4. Similar to ceramics, Nb2AlC has
a comparative low density of 6.5 g/cm3 [5] and a high Young's
modulus of 294 GPa. The four-point bending strength and fracture
toughness were reported to be 443 MPa, and 5.9 MPa m1/2,
respectively [2]. Moreover, Nb2AlC was reported to oxidize in air at
650 C by forming Nb oxides and NbAlO4 with a subparabolic
oxidation kinetics [6]. Manoun [7] studied the compression
behavior of Nb2AlC and found no phase transformation up to
50 G Pa. Salient properties make Nb2AlC a potential structural-
functional material for high-temperature applications.
Density functional-theory has been extensively used to inves-
tigate MAX phases, such as Ti3SiC2 [8e14], Ti3AlC2 [15e19], Ti2AlCB.V. This is an open access article u[20e30] and Ta4AlC3 [31e38]. For Nb2AlC, Sun et al. [24] calculated
the elastic properties, including the bulk and shear moduli, Young's
modulus and Poisson's ratio using ab initio calculations. Pressure
effects on the structural and elastic properties of Nb2AlC were
studied by Medkour et al. using ab initio calculations [39]. The
basal-slipping behavior was also investigated theoretically by
analyzing the stressestrain dependence that NbeAl bonds break
during deformation, while the NbeC bond length decreases by 4.1%
[40]. Although many physical properties of Nb2AlC have been
studied systematically, the above mentioned theoretical calcula-
tions are not very comprehensive. In this work, we studied the
internal coordinates, the lattice parameter and the electronic
structure in Nb2AlC to get a better understanding of it. Our theo-
retically computed results are in good agreement with available
experimental data.
2. Computation details
For the ground-state electronic structure calculations within the
density functional theory we used the standard CASTEP code [41],
which employs the plane-wave pseudopotential method. The s, p
valence orbitals of C, the s, p orbitals of Al as well as the s, p, and
d orbitals of Nbwere included in the calculation of partial density of
states. One of the main features of CASTEP code is the internal
coordinates can be automatically relaxed so that the crystal struc-
ture with the minimum energy can be obtained. For the calculation
of the internal atom coordinates and the lattice parameters, the
plane-wave energy cutoff and the Brillouin zone sampling were setnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Crystal structure of Nb2AlC.
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meshes, respectively. Interactions of electrons with ion cores were
represented by the Vanderbilit-type ultrasoft pseudopotential [43].
The electronic exchange-correlation energy was estimated ac-
cording to Perdew-Wang generalized-gradient approximation
(GGA-PW91) [44]. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm [45] was used to minimize the total energy and internal
forces. The tolerances for geometry optimization were set as the
difference in total energy being within 5  106 eV/atom, the
maximum ionic Hellmann-Feynman force being within 0.01 eV/Å,
the maximum stress being within 0.02 GPa and the maximum ionic
displacement being within 5  104 Å.Table 1
Comparison of the calculated and experimental lattice parameter for Nb2AlC.
Lattice parameters References
a (Å) c (Å) c/a
3.107 expt. 13.89 expt. 4.47 [1]
3.103 calc. 13.83 calc. 4.45 [48]
3.108 calc. 13.97 calc. 4.49 [48]
3.119 calc. 13.92 calc. 4.46 This work3. Results and discussion
Previous studies did not report the internal coordinate of
Nb2AlC [24,39,40], while it is a fundamental parameter for many
properties calculations. Our calculation was performed by opti-
mizing both the internal coordinate and unit cell. In Nb2AlC, the
position of the Nb atom is not ﬁxed by the group symmetry and in
this work, the calculated fractional coordinate of Nb atom is (1/3, 2/3, 0.089). The calculated lattice parameter together with experi-
mental values was listed in Table 1. From the table, we can see that
our results are in good agreement with previous reported data. The
deviation of lattice parameters is 0.38% for a and 0.22% for c
compared with the experimental values reported by Salama.
Moreover, we also calculated the bond length at the equilibrium
atomic conﬁguration, which is important for the following dis-
cussion of Nb2AlC. The calculated bond length of NbeC is 2.18 Å,
which is close to those of 211 MAX compounds, such as TieC bond
(2.12 Å) inTi2CdC [46]. The bond length of NbeAl is 3.92 Å, much
longer than that of NbeC. If the difference in atomic size between C
and Al is ignored, the longer bond length of NbeAl indicates that
the bonding between them is comparatively weaker. For a better
understanding of the tribological property of Nb2AlC, it is necessary
to recall the hexagonal graphite, despite of many differences in
their properties. Graphite is the most studied material with layered
stacking planes of carbon atoms. The nearest distance of CeC
within a plane is 1.42 Å, while that of interplanar CeC is around
3.35 Å [47]. Such crystal structure makes the interplanar bonding
weaker than the planar bonding. As a result, graphite exhibits a low
coefﬁcient of friction and excellent lubricative properties due to the
interplanar lower shear strength. Nb2AlC and hexagonal graphite
share a lot in common on crystal structure. The structure of Nb2AlC
can be described as near close-packed Nb layers interleaved with
pure Al layers, with C atoms ﬁlling the octahedral sites between the
Nb layers. The layers are bonded mainly by the weak NbeAl
bonding. Therefore, it is concluded that Nb2AlC may possess a low
coefﬁcient of friction because of the relatively weak bonding. The
computed density of Nb2AlC is 6.361 g/cm3 and it agrees well with
the experimental value (6.474 g/cm3) found in the JCPDS data ﬁle
and previous reported data (6.34 g/cm3) [48].
Based on the optimized cell conﬁguration, the band structure
was calculated and obtained. Fig. 2 shows the band structure along
the high-symmetry lines of the Brillouin zone. It can be assessed
that there is no gap at the vicinity of the Fermi level, whereas there
is an overlapping of bonding and anti bonding states. As a result,
Nb2AlC will exhibit metallic properties, much similar to Cr2AlC [49]
and Ti2AlC [21]. The band structure demonstrates a strongly
anisotropic feature with less c-axis energy dispersion, indicating
the conductivity for single-crystal Nb2AlC is also anisotropic, i.e. the
electrical conductivity along the c axis is lower than that in the ab
plane.
To better evaluate the nature of the chemical bonding, the
electronic structure of Nb2AlC was studied. The calculated total
density of states (TDOS) and partial density of states (PDOS) for
Nb2AlC are presented in Fig. 3. The TDOS at the Fermi level is 3.40
states/(eV cell), which is much smaller than 6.46 states/(eV cell) for
Cr2AlC, the maximum TDOS measured for MAX phases so far [23].
The zero gap and ﬁnite value at EF reveal the existence of metallic
bonding in Nb2AlC. It is observed that the lowest valence bands
from approximately 56.1 to 54.3 eV of the TDOS are formed by
the Nb 5s states. The higher valence bands from about 32.5
to30.2 eV are formed byNb 4pwith a small amount of C 2p states.
The highest valence bands from 12.2 eV to 10.3 eV are formed
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Fig. 2. Calculated band structure along the high symmetry direction in the ﬁrst Bril-
louin zone.
Fig. 3. Total and partial density of states for Nb2AlC.
Fig. 4. Valence electron density of a slice of the ð1120Þ plane in a 2  2  1 supercell.
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from7.2 to3.2 eV are dominated by the highly hybridized Nd 4d
and C 2p states, indicating a strong covalent interaction. The d-p
interaction stabilizes the crystal structure and thus is the driving
bonding force. From 3.0 to 0.8 eV, the bands are related to the
weak hybridized Nb 4d and Al 3p states, which is in agreement with
the long distance of NbeAl bond as discussed previously. At around
the EF, the DOSmainly originates from Nb 4d with less contribution
from Al 3p and C does not contribute to the DOS, therefore, Nb 4d
electrons should mainly be involved in the conduction properties.
These results are consistent with previous reports on MAX phases
[50,51]. The conduction bands are provided by the antibonding Nb
4d states and less contribution from Al 3p states.
In order to further understand the bonding behavior of Nb2AlC,
we have calculated the charge density. Fig. 4 shows the charge
density distribution for a slice of the ð1120Þ plane in a 2  2  1
supercell. The ﬁgure clearly shows that Nb and C form an NbeCeNb
covalently bonded chain, which are interleaved and mirrored by Al
atomic plane. The ﬁgure clearly shows that Nb and C form an
NbeCeNb covalently bonded chain, which are interleaved and
mirrored by Al atomic plane. The charge density is pulled from Nb
atoms toward C atoms, which is due to the difference in the elec-
tronegativities of Nb and C. According to Pauling rule, C is moreelectronegative than Nb. The electron cloud of Al hardly overlaps
with that of NbeCeNb chains, indicating relatively weak bonding
between them, which may account for the low friction coefﬁcient.
These results are in agreement with the previous results on the
strong MeC bonds, and weak MeA bonds [50,52].
4. Conclusion
We have studied the structural and electronic properties of
Nb2AlC using ab initio calculations. The calculated equilibrium lat-
tice parameters agree with the available experimental results. The
band structure indicates that Nb2AlC is an electronic conductor, and
that the chemical bonding is anisotropic. TDOS and PDOS show a
strong hybridization of Nb 4d and C 2p and a weak hybridization of
N 4d and Al 3p. Strong NbeCeNb covalent bond chains have been
identiﬁed.
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